Abstract-As we know, a snake-like robot imitating the locomotion of real snakes can adapt to many kinds of environments. A successful collision-free behavior is necessary for adaptive locomotion of the snake-like robot. Many researchers have used Amplitude Modulation Method (AMM) to realize the turn motion of the snake robot. However, most of them are only qualitative studies without any concrete analysis of this method. For this reason, this research tries to solve these problems and give a computational model of Amplitude Modulation Method (AMM) for turn motion. Based on a head-navigated motion pattern, how to implement the proposed model for a collision-free behavior automatically is investigated. A simple simulation environment is constructed to verify the designed control strategy for this autonomous collision-free behavior of the snake-like robot.
I. INTRODUCTION
High redundancy of snakes allows them to perform kinds of gaits to move through various environments. The bioinspired snake-like robot is expected to operate in unknown complex environments where are difficult for human beings to access directly, such as applications in search and rescue (SAR) operations in ruins of collapsed buildings or narrow passages. They are robust to control and mechanism failure because they are modular and highly redundant. However, the high-redundant structure with large DOFs also makes the control of the snake-like robot become a challenging problem. The adaptive locomotion of the snake-like robot has attracted the attention of many researchers.
Some of them are based on ingenious mechanisms designed to adapt to the surroundings passively, including wheel-less snake-like robots for an obstacle-aided locomotion [1] [2] , and a snake-like robot utilizing passive joints [3] . Others, which are also dominant, rely on an operator to control the robot actively to adapt to the unstructured environment. A semi-autonomous snake robot with 3 axial force sensor has been developed in Hirose's laboratory [4] . An energy-based control method for the snake-like robot to adapt to different friction and slope has also been proposed [5] . Crespi and Ijspeert have taken online optimization of swimming and crawling in an amphibious snake robot by CPG method [6] . Position control of a snake-like robot by trajectory tracking has been studied in [11] .
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Shiga, Japan gr041087@ed.ritsumei.ac.jp S. Ma is with Department of Robotics, Ritsumeikan University, 525-8577 Shiga, Japan; and Shenyang Institute of Automation, CAS, China shugen@se.ritsumei.ac.jp robot with collision-free behavior is necessary. Due to the particular structure and S-shape motion pattern, the snakelike robot cannot turn right or left as simple as wheeled robots. Hirose has proposed the serpenoid curve for the movement of snake-like robot [7] . A steering principle for turn motion is proposed by adding a bias value on the joint angles. It means that the amplitude of the joint angle will be increased in half side, and asymmetric undulatory wave will lead to a change in the motion direction. This kind of steering principle can be called as Amplitude Modulation Method (AMM). Most of researches have used this AMM method to realize the navigation of the snake-like robot. Sfakiotakis and Tsakiris [8] have used sensor-based controller to collect the information of surroundings and steered an undulatory robot in a corridor by adding angular offset. Matsuo and Ishii also applied this AMM method to change direction of a neural controlled snake-like robot [9] . Changlong Ye in [10] have summarized the methods for the turn motion of the snakelike robot. However, there are only qualitative results for the implementation of turn motion. The exact relation between the change of joint angle and the turn angle is still unclear. Furthermore, how to turn numbers of joints smoothly and continuously for a collision-free behavior needs more studies.
In this paper, we will focus on these problems and try to give a clear solution. By taking analysis of the principle of the turn motion in the snake-like robot, a relation model will be constructed. This model can be used to easily explain the influence of the motion parameters on the turn angle of the snake robot. Furthermore, the features of AMM-based turn motion will also be concluded. In order to utilize the AMM model for autonomous collision-free behavior, the forward direction of the serpentine motion needs to be decided. Based on our previous study [12] , the head-navigated locomotion will be employed, which can enable the head of snake robot always direct to the motion direction. By coupling the proposed turning method and motion pattern, we will realize the desired autonomous collision-free behavior of the snakelike robot. This paper is organized as follows. The mechanism of the turn motion of the snake-like robot is analyzed in section II. A relation model of the proposed method and its characteristics will be concluded in this section. The control strategy for the collision-free behavior will be investigated in section III. In section IV, a simulation platform is developed to implement the collision-free behavior of the snake-like robot automatically, and the obtained results are discussed subsequently. Finally, the work of this paper is concluded in section V.
II. ANALYSIS OF TURN MOTION
A common behavior of most robots when they meet an obstacle in a forward direction is that they turn left or right to avoid the barrier. The snake-like robot can also perform a turn motion to avoid the obstacles. However, due to the characteristic of the creep motion is generated by swinging the joints from side to side, the mechanism to perform a turn motion is totally different from that of wheeled robots. To obtain the relation between the parameters of the joint angle and the turn motion, here we will give an analysis of the turn motion of the snake-like robot.
A. Amplitude Modulation Method
The Amplitude Modulation Method has been widely used to realize the turn motion of the snake-like robot. It means the amplitude of the joint angle will be added a bias value in half period, and an asymmetric swing of joint will lead to a change in the motion direction. As shown in Fig. 1 , when the symmetrical signals are exerted on each joint of the snakelike robot, the robot proceeds in a straight travel line. If the amplitude of head angle is altered from point A, the balance is broken and the motion direction is changed. This change will transmitted to the next joint successively after a interval Δt. While coming to point B, the amplitude of the angle will return to the previous value as that before point A. And then the robot will move along a new direction. The whole progress mentioned above is the turn motion in one period. Here it should be mentioned that we only consider to add a bias when the signals is at zero point, so that there is no any sudden or discontinuous change of joint angle. Three different dash lines show the axis direction under different amplitude of joint angle. During the turn motion, the turning angle of the snake-like robot can just be calculated from the angle between the axis 1 and 3. Due to the same configuration of robot moving in the axis 1 and 3, the winding angles in these two cases are equal to α 0 . For axis 2, we define its winding angle is α 1 . Thus, the exact turn angle Φ can be expressed as follows:
B. Computational Model
Hirose [7] has already studied snakes and found that their bodies take on the so-called serpenoid curve when they locomote with a serpentine gait. Figure 2 shows the gliding curve of the snake creeping locomotion. The serpenoid curve is a curve whose curvature changes sinusoidally along the axis of the curve, and sinusoidal configuration of the joint angle approximates the serpentine motion. s is a distance along axis of the body and θ(s) is the distribution of the bending angle along body axis. The bending angle at position s with amplitude A is given by Here, l is the length of the quarter-cycle of the curve. α is defined as winding angle which is the integration of the bending angle from 0 to P. If we make the curve consist of line elements of incremental length δs (corresponding to snake vertebrae), α can be expressed as
If we substitute equation (2) into equation (3), the wingding angle α can be calculated by
From the above analysis, we know that the turning angle of the robot can be expressed as a function of winding angles. If we define the initial amplitude of the joint angle is A, and the bias of the amplitude for turn motion is ΔA, by substituting equation (4) into equation (1), it can obtain
From this equation, it can be found that the turn angle is linearly influenced by the bias of the amplitude when the body parameters is constant. This is very important for the control of the turn motion. It means that we can easily steer the motion direction of the snake robot by adjusting the amplitude of joint angle.
To get a more general computational model of the AMMbased turn motion, the different numbers of the S-shape will also be taken into consideration. While l is the length of the quarter-cycle of the curve, it can be represented as
where N is the numbers of S-shape, n is the numbers of links, and δs is the length of each link. By substituting into equation (5), a more general model can be obtained as
C. Features of AMM Based on the equation (7) which reveals the relation between the motion parameters and the turn angle, some important features of turn motion by AMM are concluded. Firstly, if the basic configuration of the snake-like robot is unchanged, the magnitude of the turn angle is decided by the bias of the amplitude of the joint angle linearly. Fig. 3 (a) shows a group of the trajectories of the turn motion with different bias of the amplitude. It can be found that the turn angle is increased linearly with respect to the change of the amplitude ΔA. Secondly, no matter how different the initial value of the amplitude of the joint angle is, the turn angle is just influenced by the offset of it. This characteristic can also be verified from Fig. 3 (b) , where the trajectories of the turn motion are generated with different initial amplitude but the same bias. We can see their turn angles are almost the same.
To obtain a smooth and continuous change of the joint angles, the adjustment of the amplitude of the joint angle is implemented while the angle is at zero value point. Thus, the turn motion can not start from any time of the creeping motion, but just start at the time when angles come to zero. There are two kinds of cases for the zero point: one is changed from positive angle to negative angle; another is changed from negative angle to positive angle. The increase or decrease of the amplitude of joint angle in these two cases have an opposite influence on the turn direction. If we define a counterclockwise joint angle is positive and a clockwise one is negative, two different cases for the zero point can be expressed by the sign of derivative of angle. Equations for left turning or right turning can be obtained as equation (8). This equation has explained that the bias of Fig. 4 has shown an example of right turning motion in two different zero points. The left part of the figure is the trajectory of the turn motion, and the right part is the waves of the angle signals. From the angle waves of the joints, the increase and decrease of the amplitude has led the same right turning which verified the equation (8) . For easily explaining, the turn motion caused by a increased amplitude is called "type I", and the turn motion caused by a decreased amplitude is called "type II". It should be mentioned that the above discussion of the turn motion of the snake-like robot is just considered for turning in one period. If the amplitude modification is applied on the robot joints continuously, the snake-like robot will keep turning and generate a circular motion trajectory as shown in Fig. 5 . This kind of phenomenon has also been studied in some other researches [10] [13]. 
III. COLLISION-FREE BEHAVIOR
With the analysis of the AMM for turn motion, this method will be used for the autonomous collision-free behavior of the snake-like robot. To achieve a self-navigated motion of the snake robot, a control strategy will be proposed.
For simplicity, we only consider the snake-like robot moving on a flat ground. This means that the obstacle avoidance is just on the two-dimensional horizontal plane. Furthermore, to obtain the exact turning angle of the robot to avoid the obstacle, the obstacle is supposed to has flat surfaces and enough large size. With flat surfaces, the turning angle is just the angle between the motion direction and the direction of obstacle surface. The size of obstacle should be larger than the width of the undulated motion waves so that the robot can detect the obstacle.
A. Head-Navigated Locomotion
To obtain an autonomous collision-free behavior, the forward direction of the swinging motion is necessary. Inspired from the natural snake, the head of the snake-like robot could be controlled to lift up and keep the same orientation as the forward direction. In our previous research [12] , a head-navigated locomotion has been studied to maintain the direction of the snake-like robot head during the undulated locomotion. A demonstration of the proposed motion pattern is shown in Fig. 6 (a) . With this head-navigated locomotion, the forward direction of the undulated body can just be found from the head. 
B. Autonomous Collision-Free Behavior
Sensory information is needed to be considered into the control system to realize autonomous collision-free behavior. Based on the characteristic of the head-navigated locomotion, the angle between the motion direction of the snake-like robot and the obstacle can be obtained from the head direction and obstacle surface conveniently. For example, if three IR sensors are installed with a constant angle on the head, the distance signals can be used to calculate the turning angle of the robot for obstacle avoidance. The schematic of this structure is shown in Fig. 6 (b) . Herein, the detailed information of the sensor-based experiment will not be discussed in this paper. In the followed simulation environment, the turning angle will be calculated directly from the angle between the motion direction and the obstacle surface.
To perform a lateral undulation for the snake-like robot, an approximation to the serpenoid curve can be recreated by a snake robot by setting the joint reference angle θ i as
where i = 1, 2, ..., n − 1 is the joint number, A is the maximum amplitude of the oscillation, β is the phase shift between adjacent links, ω is the angular frequency of the oscillation, and ΔA is used to modify the amplitude value which determines the orientation of the snake-like robot. The parameter ω determine the speed of the serpentine wave of snake body, and β is related with the numbers of the S-shape of the motion. For the autonomous collision-free behavior, we will mainly concern about the parameter ΔA. If the turning angle Φ for the obstacle avoidance is decided, the change of the amplitude can be obtained from equation (7). The equation can be expressed as
Due to the constraint of the mechanical structure, the turning angle of the snake-like robot in one period has a limit value. The joint of the snake robot generally can not make a whole turn. The rotating limit of the joint will influence the maximum modification for the amplitude of joint angle. For example, if the maximum rotating angle of each joint is 60
• and the initial swinging amplitude of the joint is set as 30
• , the maximum bias for the angle amplitude is apparently 30
• . From the equation (10), the limit angle for turn motion in one time can be calculated easily. Herein we suppose a 11-link snake-like robot moves forward with one S-shape, the largest turning angle in one period would approximately be 105
•

IV. SIMULATION ANALYSIS
In order to verify the above analysis of the collisionfree behavior and realize the autonomous turn motion of the snake-like robot by proposed AMM model, a simulation platform has been developed in Open Dynamics Engine (ODE) environment, as shown in Fig. 7 . In the simulation, the interaction between the robot and ground is modeled with asymmetric friction by using a larger normal friction coefficient μ N and a smaller tangential friction coefficient μ T . The actuators are installed on the joints of the robot to make each joint swing from side to side, like the behavior of a natural snake. The physical parameters of our snake-like robot platform are given in table I. The signals calculated from the equation (9) are implemented on the joints of the robot as the angle input signals.
A. Simulation
Based on the ODE environment, a square cloister with walls in four sides has been builded for simulation. The length of each side has 10 meter. A schematic of the designed environment is shown in Fig. 8 (a) . The snake-like robot will be placed in the middle of the environment with random orientation. Due to the head-navigated motion pattern, the trigger of the collision-free behavior is controlled by the distance between the wall and head. To have enough time for reactive behavior, the length between the wall and head for trigger point should be larger than axial distance of one S-shape. While the Amplitude Modulation Method is applied only at the zero point of the joint angle, the turn motion will be started at the first zero point after the condition of the triggered distance is achieved. Furthermore, a virtual target command is added to let the robot know which direction it should choose while comes with a obstacle. For simplicity, a right and left turning command will be used for clockwise and counterclockwise motion, respectively. The trajectories of motion in the simulation are shown in Fig. 9 (a) and (b) . From the simulated results, the snake-like robot has successfully performed an autonomous collision-free behavior by the proposed method.
The AMM-based turn motion in two different cases which discussed in section II can also be found from the simulated results. For example, there are seven times of turn motion in Fig. 9 (a) , and it can be found clearly that the first turn motion is type II but the second turn motion is type I.
B. Discussion
During the simulation, an additional command has been added to decide which direction the robot should turn while comes with a obstacle. This additional command can just be replaced by the signal of the target direction. However, if there is an obstacle just blocked on the target direction, this command should be invalid. For example, the robot can Thus, while the target information is considered into the navigation of the snake-like robot, the control strategy for the autonomous collision-free behavior should be redesigned. Herein, the simulated results are implemented in an ideal environment. To realize the collision-free behavior on the real snake-like robot, there are still several problems when using the proposed method. The first is the accuracy of distance sensor. Many conventional sensors like IR distance sensors can not provide an precise value for calculating the turning angle. Some high precision sensors like laser ranger will be too large to use on our snake-like robot. Ultrasonic range sensors has a wide beam for detection which make the position of the obstacle be difficult to decide. The second is the slip of the passive wheels in the normal direction during the serpentine locomotion. It would influence the stable motion of the snake-like robot. The forward direction can not be always kept as the desired direction. These problems are needed to be considered into the experiment of the real snake-like robot.
V. CONCLUSIONS
In this paper, an autonomous collision-free behavior of the snake-like robot has been performed by the proposed control method. The Amplitude Modulation Method has been applied for the turn motion of the snake-like robot. Despite the AMM-based method has been introduced in some previous studies, most of them have just qualitative results. Based on the analysis of the turn motion of the snake-like robot, a computational calculation model has been provided. From this model, the relation between the change of the joint angle and the turning angle can be calculated conveniently. If the desired turning angle for the collision-free behavior is decided, the change of the joint angle can be obtained from the model directly. Furthermore, the features of the AMM-based turn motion are also investigated. Utilizing the head-navigated motion pattern which can enable the head of the snake robot always direct to the motion direction, the necessary turning angle to avoid the obstacle can be obtained easily. Finally, to verify the proposed method, a simulation environment has been established. By coupling the AMMbased turn motion and the head-navigated pattern, we realize the collision-free behavior of the snake-like robot without any human command. The implementation of this method on the real snake-like robot will be discussed in the coming studies.
